Here we describe the development and validation of an intracellular high-throughput screening assay for finding new antituberculosis compounds active in human macrophages. The assay consists of a luciferase-based primary identification assay, followed by a green fluorescent protein-based secondary profiling assay. Standard tuberculosis drugs and 158 previously recognized active antimycobacterial compounds were used to evaluate assay robustness. Data show that the assay developed is a short and valuable tool for the discovery of new antimycobacterial compounds. Development of an intracellular screen for new compounds able to inhibit Mycobacterium tuberculosis growth in human macrophages. Antimicrob Agents Chemother 60:640 -645.
T uberculosis (TB) caused by Mycobacterium tuberculosis affects 9.0 million people annually, with 1.5 million deaths in 2013 (1) . Standard TB treatment involves a regimen of four antibiotics taken daily for 6 to 9 months. However, the long treatment duration, toxicity, and interaction with antiretrovirals lead to poor patient compliance and treatment failure. Novel TB drug regimens are therefore urgently needed to treat both standard and drug-resistant forms of TB. Two new drugs, bedaquiline (2) and delamanid (3) , were recently approved for the treatment of multidrug-resistant (MDR) TB, and other compounds are in the clinical development pipeline (4) . Yet, the search for new TB drug candidates with different modes of action seeks to increase the chances of finding new drugs.
Screening of chemical libraries is the first crucial step in the antimicrobial discovery process. Potential antimycobacterial agents are identified by testing chemicals for the ability to inhibit M. tuberculosis growth under in vitro growth conditions in culture medium. However, in vitro screening results are often misleading, as the culture broth does not reflect the environment M. tuberculosis encounters in vivo during the natural course of the disease, neglecting important factors such as compound activation, membrane permeability, removal by efflux pump, and toxicity to mammalian cells (4) . Furthermore, adaptive metabolic changes that M. tuberculosis undergoes within the host may affect compound activity (5) . Ex vivo screening, in the macrophage, may represent physiological conditions that mimic disease and take into consideration the favorable contribution of host cells in the process of eradicating M. tuberculosis.
M. tuberculosis's intracellular lifestyle presents an attractive area for new drug discovery programs. A successful example is the intracellular high-content screening campaign that led to the discovery of Q203 (6) . Image-based high-content screening technologies are being adopted more frequently to evaluate the activities of compounds against M. tuberculosis by using various cell types (7) (8) (9) or the granuloma infection model (10) .
High-content screening against M. tuberculosis is a robust and informative assay; however, it is still lacking in terms of speed and simplicity since the endpoint assay requires multiple steps for staining, image acquisition, and cumbersome data analysis. In addition, most of the intracellular compound screening done so far was performed inside epithelial cells (11) or murine macrophages (7) (8) (9) , which are not natural hosts of M. tuberculosis. In this report, we describe a new, fast, and robust intracellular high-throughput screening (HTS) method well suited for extensive compound screening campaigns against intracellular M. tuberculosis. Using this assay, we demonstrate the successful identification of a set of highly active intracellular compounds from a previously identified set of in vitro-active anti-M. tuberculosis compounds.
Our new protocol was developed to identify compounds active against intracellular M. tuberculosis by using THP-1 human monocytes infected with M. tuberculosis strains expressing either a luciferase or a green fluorescent protein (GFP) reporter gene for primary identification and a secondary profiling assay, respectively (see Fig. S1 in the supplemental material). Large-scale production of uniformly infected THP-1 cells was achieved by performing the differentiation-infection in a single step and in bulk by using roller bottles with up to 1 liter of total volume, which is significantly different from microplate intracellular assays (7) (8) (9) and represents a key strategy to improve assay robustness by decreasing well-to-well variation, as reflected by the excellent Z= scores obtained (Table 1) . Different infection times and multiplicities of infection (MOIs) were tested (see the supplemental material) for M. tuberculosis constitutively expressing either luciferase or GFP. The conditions that worked best were concomitant differentiation and infection for 4 h with 40 ng ml Ϫ1 of phorbol myristate acetate at an MOI of 1:1. Intracellular bacterial loads were quantified to check the potency of the compounds by measuring either luciferase luminescence or GFP fluorescence. The optimal time point for measurement of growth inhibition in the primary assay was 5 days postinfection with the H37Rv strain expressing the luciferase gene. A shorter incubation time of only 4 days was required for the secondary assay with the Erdman strain expressing GFP, where intracellular mycobacterial growth was substantial and little apparent macrophage lysis was observed. These results are consistent with previous reports showing that the Erdman strain is more virulent than the H37Rv strain (12) . Overall, the use of reporter genes to quantify bacterial loads along with concurrent differentiation and infection protocols and a 384-well plate format increased the assay throughput and shortened the screening time from weeks to only 5 or 6 days.
A dose-response assay was performed to determine the intracellular MICs of first-and second-line anti-TB drugs. MIC 90 values were interpolated from dose-response curves obtained by testing the compounds with the luciferase and GFP assays and by plotting the percentage of growth inhibition against the log concentration of the standard compounds (see Fig. S2 in the supplemental material). The intracellular MIC 90 values obtained with both assays are summarized in Table 1 . Overall, a good correlation between the MIC 90 determined by the primary and secondary assays was observed. Rifampin was the most powerful intracellular compound in both assays, with MIC 90 values of 0.02 to 0.06 M, followed by isoniazid and moxifloxacin, both with MIC 90 below 1 M, which is consistent with previous reports (13, 14) . Linezolid and levofloxacin demonstrated good intracellular activity, with a MIC 90 of Ͻ2.5 M, followed by ofloxacin and ethambutol with moderate activity (MIC 90 , Ͻ20), as reported elsewhere (13) (14) (15) . Pyrazinamide did not exhibit any intracellular growth inhibition at any of the concentrations tested compared to a dimethyl sulfoxide (DMSO) negative control, consistent with previous data and in agreement with pyrazinamide's sterilizing activity against nonreplicating bacteria (16) (17) (18) (19) .
Statistical analysis was performed to assess assay quality, and Z= values were calculated (20) . The primary assay showed an average Z= value of 0.65, and that of the secondary assay was similar at 0.71. This is a well-defined signal window for both assays, suggesting that the assays performed well and could be used for HTS to test a larger number of compounds.
Next, the primary assay was used to screen a larger set of com-pounds shown to be highly active (MICs of Յ10 M) against M. tuberculosis H37Rv under in vitro growth conditions (21) . One hundred fifty-eight of these compounds were first tested in duplicate at a single concentration of 50 M. Fourteen of the initial 158 compounds did not show intracellular activity and were discarded (see Table S1 in the supplemental material). One hundred fortyfour compounds showed intracellular activity, with MICs below 50 M, and were selected for dose-response studies.
Using the primary assay, 144 hits from the single-concentration assay were tested in a dose-response study. Figure 1A shows the distribution of the intracellular MIC 90 of all of the compounds; for a summary of the individual MIC 90 , see Table S1 in the supplemental material. Of the 144 compounds tested, 90.3% were confirmed as active, with intracellular MIC 90 of Ͻ50 M. Of the 144 compounds tested in the dose-response study, 9.7% were found to have intracellular MIC 90 above 50 M. The previously reported extracellular MIC 90 of each hit compound (21) was compared to the intracellular MIC 90 obtained.
Extracellular/intracellular MIC 90 ratios are illustrated in Fig.  1B . Fifty-six compounds were more active in macrophages that in culture broth, showing extracellular/intracellular MIC 90 ratios above 1. These compounds might be targeting pathways, either in the bacteria or in macrophages, that are essential during infection but not during in vitro growth (22) (23) (24) (25) . Although these compounds were identified initially as active under in vitro growth conditions, higher concentrations of them in macrophages, their intracellular conversion into active metabolites (26) , or host cell . The extracellular/intracellular MIC 90 ratios of all of the compounds were plotted. Compounds with ratios of Ͼ1 have higher activity in macrophages than in vitro, while compounds with ratios of Ͻ1 have higher in vitro activity. The 10 compounds with the highest intracellular versus extracellular activity are further described in Table 2 . (27, 28) could better explain our findings.
Seventy-four compounds had extracellular/intracellular MIC 90 ratios below 1, indicating higher activity in vitro. This could be due to poor cell membrane permeability for the compound, activation of bacterial efflux pumps by macrophages (29) , or even inactivation of the compound by host cell-derived metabolites (e.g., reactive oxygen or nitrogen species) or an acidic pH.
The 10 compounds with the highest extracellular/intracellular MIC 90 ratios, as well as their chemical properties, are shown in Table 2 . Among them are GSK1589671A (20.8-fold higher intracellular activity), GSK1985270A (20-fold higher intracellular activity), and GSK2043267A (17.6-fold higher intracellular activity).
The intracellular activities of all 158 compounds at 50 M were also tested by the secondary assay with the Opera High Content Screening System. The top 10 hit compounds from the primary screening were tested in a dose-response assay. On day 4, the percentage of infected cells reached an average of 34.3% in the DMSO control and 4.8% in the rifampin control (Fig. 2) . Dose-dependent decreases in the bacterial loads and percentages of infection were obtained with all of the compounds tested (see Fig. S3 in the supplemental material). The MIC 90 s obtained were consistent and in agreement with those obtained in the primary assay. However, high MIC 90 s of two compounds, GSK937213A and GSK1826247A, were obtained in the secondary assay. High lipophilicity (property forecast indexes of 9.8 and 8.4, respectively) and poor solubility could explain the difference between the data obtained in the primary and secondary assays with these two compounds. GSK1385423A appeared to be autofluorescent, interfering and thus giving false-negative results at the highest concentra-tions in the secondary assay (see Fig. S4 in the supplemental material).
In conclusion, we have completed a pilot intracellular HTS assay with the differentiated human monocytic cell line THP-1. Robust assays were developed that enable the identification of compounds able to inhibit M. tuberculosis growth intracellularly. We believe that these assays will assist TB drug discovery by improving the ability to identify compounds that target mycobacterial and/or host cell proteins required for bacterial entry, replication, and survival in macrophages.
